We demonstrate that dynamic nuclear polarization (DNP)-enhanced 1H-X heteronuclear correlation (HETCOR) measurements of hydrogen-rich surface species are better accomplished by using proton-free solvents. This approach notably prevents HETCOR spectra from being obfuscated by the solvent-derived signals otherwise present in DNP measurements. Additionally, in the hydrogen-rich materials studied here, which included functionalized mesoporous silica nanoparticles and metal organic frameworks, the use of proton-free solvents afforded higher sensitivity gains than the commonly used solvents containing protons. We also explored the possibility of using a solvent-free sample formulation and the feasibility of indirect detection in DNP-enhanced HETCOR experiments. 
Introduction
The inherently low sensitivity of solid-state nuclear magnetic resonance (SSNMR) spectroscopy often prevents the detection of nuclei with low gyromagnetic ratio (γ) and/or low natural isotopic abundance, such as 13 C and 15 N. The sensitivity woes are particularly challenging in structural determinations involving measurements of two-dimensional (2D) heteronuclear correlation (HETCOR) spectra. In solution-state NMR, an indirect detection of low-γ nuclei via high-γ nuclei, in the HMQC and HSQC experiments, [1, 2] has been long used to improve the sensitivity of HETCOR spectroscopy. The advent of fast magic-angle spinning (MAS) enabled the introduction of similar concepts to SSNMR, with the so-called indirectlydetected HETCOR (idHETCOR) experiment. [3, 4] The significant sensitivity enhancement afforded by idHETCOR widened the practical applications of 2D correlation spectroscopy in natural abundance solids [5] [6] [7] and, in some cases, also enabled the observation of 2D spectra of surface species. [4, 8] Further sensitivity gains are, however, required for examining small surfaces, minute concentrations of species, or insensitive nuclei.
Dramatic sensitivity gains in NMR spectroscopy can be now provided by dynamic nuclear polarization (DNP), which relies on irradiating paramagnetic dopants near their electron Larmor frequency and subsequently transferring their magnetization to the nuclei. DNP offers potential sensitivity gains of γe/γn, which corresponds to, for example, ~6500 for 15 N, when compared to conventional NMR techniques. [9] [10] [11] The last two decades have seen a series of breakthroughs including advances in gyrotron technology [12, 13] and cryogenic magic angle spinning (MAS), [14] [15] [16] as well as the introduction and systematic improvement of exogenous sources of unpaired electrons (such as biradical polarizing agents), [17] [18] [19] [20] [21] which have together enabled the extension of DNP-enhanced NMR spectroscopy to ever higher magnetic field strengths. [22] These developments have provided a new, much needed, approach for the characterization of challenging solids. In particular, the DNP-enabled, multidimensional correlation NMR experiments can yield unprecedented structural and conformational details about the surfacebound species. [23] [24] [25] [26] [27] [28] [29] In modern high-field DNP SSNMR, solvents are used to disperse the biradical polarization agents within the sample. The solvent can also facilitate the transport of hyperpolarized magnetization from the radical source to the bulk of the observed nuclei by 1 (Fig. 1) .
In both cases, the pores are sufficiently large to allow them to become filled by the solvent. We also explored the feasibility of combining DNP with the idHETCOR experiment to further improve sensitivity. 
Experimental
2.1. Samples Preparation.
PUP-MSNs.
PUP-MSNs were synthesized using a previously reported co-condensation method. [28, 39] The surfactant was extracted by refluxing methanol in a Soxhlet extractor for 3 days. After drying under vacuum at room temperature, the resulting product had the surface area = 519 m 2 /g, pore volume = 0.59 cm 3 /g, and a narrow pore size distribution centered at 3.7 nm. Further details about the synthesis and material characterizations are described elsewhere. [28, 39] 2.2.2. UiO-66-NH2 and Pt/UiO-66-NH2.
UiO-66-NH2 MOF was synthesized and purified as reported previously. [40, 41] Pt was loaded by suspending the UiO-66-NH2 in an aqueous solution of K2PtCl4 for 20 h. The solid product was separated by centrifugation, then washed with water, and dried under vacuum at 120 °C for 8 h (Pt/UiO-66-NH2). Further details were reported in our earlier study.
[41]
Solid-state NMR experiments
The DNP-enhanced measurements were performed on a Bruker BioSpin DNP NMR spectrometer, operated at 9.4 T (400 MHz), equipped with a gyrotron generating microwave (MW) irradiation at 264 GHz. The experiments included one-dimensional cross-polarization magic angle spinning (CPMAS) spectra of 13 [25] in TCE used in materials science was trialed using fully deuterated, or protonated TCE. The samples are listed in Table 1 and will be referred in the following as samples 1-9.
Results and Discussion
Prior to the acquisition of 2D HETCOR spectra, we assessed the possible sensitivity penalty that might be imposed on the DNP measurements by the departure from proton-containing solvents as a result of diminished spin diffusion or changes in DNP build-up times. The improvement of sensitivity upon partial deuteration of solvents in biological systems has been attributed to the reduction in the number of nuclei to polarize, while reductions in T1 relaxation and spin diffusion rates of the 1 H nuclei can be detrimental; obtaining a proper balance between the two is generally important. [17, 33, 34] In the case of the PUP-MSNs used in this study, if we assume that the pores are filled with D2O:H2O (90:10 v/v), a common deuteration level used in biological DNP, the solvent supplies a proton concentration of ~7 mmol/g, which amounts to only about 20% of protons within the pores (~28 mmol/g of protons is provided by the PUP and silanol groups, see Supporting Information for details). Additionally, as already mentioned, the pores of PUP-MSNs are large enough to accommodate the AMUPol molecule and thus long-range spin diffusion is not needed. Consequently, the sample itself provides sufficient proton concentration to mediate spin diffusion to the observed nuclei.
To demonstrate the impact of solvent protons on the quality of 2D HETCOR spectra, we measured the DNP-enhanced 13 Table 1 ). As can be seen in Fig. 2a -c, the 13 C projections of these spectra are very similar, notwithstanding the small differences in relative peak intensities. However, the observed crosspeak patterns and 1 H chemical shifts differ considerably. Notably, the spectrum measured using H2O (sample 1, Fig. 2a) , is dominated by solvent-related correlations. In spite of using 1 H-1 H decoupling, all correlation signals are similarly elongated along the 1 H dimension, featuring a narrower common cross-peak with maximum centered at around δH ~ 8 ppm and a broad underlying base, which extends to around 1 ppm. Although the resonance at 8 ppm matches the chemical shift of aromatic protons in PUP, here we attribute it largely to 1 H nuclei in amorphous ice, whose chemical shift was reported in the same range and was further verified by the 1 H NMR spectrum of PUP-MSN with AMUPol in 100% H2O (dashed line in Fig. 2a ). [42, 43] This interpretation also accounts for the fact that these nuclei exhibit dominant cross-peaks with carbons C1, C2 and C3 in PUP (Fig. 2a) . The broad base is ascribed to 1 H nuclei in the network of hydrogen-bonded silanol protons and the first monolayer of hydrogen-bonded water. [43, 44] With the decrease of H2O content in the solution, the resolution in the 1 H dimension was improved and the correlation signals involving 1 H spins in PUP became clearly identifiable. In the spectrum obtained with 100% D2O as a solvent (Fig. 2c) , only the cross-peaks representing the PUP moieties are present. In comparing this spectrum to one taken using the idHETCOR method on a conventional spectrometer at room temperature under 32 kHz MAS (Fig. 1d) N} spectrum of PUP-MSN taken on a conventional spectrometer, [7] which yielded two cross-peaks attributed to nitrogens N4 and N6 and their associated protons (we refer here to the PUP scheme shown in Fig. 1 ). For reference, in Fig. 3 we marked the positions of cross-peaks from this earlier study with asterisks. Note that the asterisks match well only with the spectrum obtained using DMSO-d6 as a solvent (Fig. 3c) . In the spectrum obtained with H2O (sample 1, Fig. 3a) , the dominant cross-peaks correlate nitrogens N4 and N6 with protons resonating at δH ~ 8 ppm, attributed to protons in amorphous ice (vide supra). Sample 3, on the other hand, yielded a dominant signal between N4 and nearby methylene protons (Fig.   3b) . The correlation signals at δH ~ 8 ppm represent the aromatic protons in PUP, whereas the amide protons in NH moieties were significantly attenuated due to the H/D isotope exchange. A spectrum with no interference from the solvent was finally obtained by using aprotic deuterated solvent, DMSO-d6 (Fig. 3c) To examine the practicality of using a solvent-free, or matrix-free, approach, we prepared an AMUPol-doped PUP-MSN by evaporating the solvent (H2O) at room temperature under vacuum (sample 7). The DNP-enhanced 13 C{ 1 H} CPMAS spectrum of this sample showed an enhancement factor  = 8 (Table 1) . Perhaps higher enhancements can be achieved by optimizing the radical concentration. The most likely, albeit unconfirmed, cause of the lower DNP effect in this case is the agglomeration of biradicals within the pores due to their poor affinity to the surface. We note that we have not observed any quantifiable loss of intensity per scan in the spectrum of the solvent-free PUP-MSN acquired with the microwave irradiation turned off, when compared to samples with solvents, suggesting that there is no increased quenching. [47] Note that the affinity of the polarizing agent to the sample of interest can be improved by using a "gluing agent" to better disperse the radicals in the dried sample, as indeed demonstrated in biomolecular systems by Takahashi et al., [38] who reported an  value of 10 in 13 C{ 1 H} CPMAS spectra of adenosine using TOTAPOL. However, such a strategy introduces new undesired resonances into the spectra.
To further test the utility of fully deuterated solvents, we acquired DNP-enhanced 13 (Table 2) . As expected, the observed  values were lower than those for PUP-MSN (Table 1) , because the signal enhancement in the bulk of UiO-66-NH2 relies on the abovementioned 'remote excitation' by 1 H-1 H spin diffusion. [28, 43] Surprisingly, the use of a fully deuterated solvent did not impose any sensitivity penalty, with the relative sensitivity per unit of time being even higher than in DMSO. SSNMR; however, they should be equivalent to those measured using 13 C NMR, see Table 2 . Both samples were impregnated with a 10 mM DMSO-d6 solution of AMUPol. The spectra were acquired in 2 h and 50 min using R = 10 kHz, τCP = 2 ms, and τRD = 10 s. FSLG 1 H-1 H homonuclear decoupling was used during the 1 H evolution period (t1) and SPINAL-64 decoupling was employed during the acquisition period (t2). 
Summary
In summary, we have demonstrated that the use of proton-free solvents is a practical approach to eliminate the solvent-derived correlation signals from the DNP-enhanced HETCOR spectra of 
